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Abstract

The aim of the paper is to analyze the accident tolerant fuel (ATF) element behaviour under
CANDU type reactor irradiation specific conditions, by means of FEMAXI-6 fuel performance
code. Thermo-mechanical calculations for UO, fuel doped with different contents of Cr,O5 and
Al,O; have been carried out, and then the results were compared to those supplied by the
CANDU standard UQO, fuel, in order to assess the dopant’ impact on the fuel performance. It is
well known that the additive content influences pellet grain diameter and density, resulting in
larger grains and increased density of doped fuel. Therefore, the ATF concept is expected to
perform better in terms of operational safety. In this respect, the obtained results shown that the
doped UO: fuel has lower fuel temperatures, reduced internal pressure, and improved fission
gas retention compared to the CANDU standard UO: fuel.
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Introduction

After the devastating East Japan Earthquake and Tsunami
and subsequent events at the Fukushima Daiichi power
plant, a global interest in developing innovative fuels
within the framework of Accident Tolerant Fuel (ATF)
concept, mainly UO, doped type, has been confirmed [1].
The ATF concepts have a great potential to increase the
safety of CANDU reactors under all operational
conditions, as well as during potential accident situations.

The ATF concepts improve fission product retention due
to an increased grain size compared to the conventional
UQO, fuel used in PHWR reactors. The most used dopants,
Chromium oxide (Cr,0O3) and Aluminum oxide (Al,O5),
facilitate densification and grain growth during sintering,
leading to an improved microstructure [2].

A recent experimental program on the obtaining of UO,
sintered pellets with large-grain size has been started by a
research group from the Nuclear Materials, Corrosion and
Surface Analysis Department of RATEN ICN Pitesti. The
purpose of this research activity is to manufacture doped
fuel pellets with enhanced grain size, about five to eight
times larger, compared to that of the standard UO, fuel [3].

The current study aims to assess the ATF behaviour under
CANDU type reactor normal operation specific conditions
using the FEMAXI-6 fuel performance code. The simulations
were carried out for CANDU standard UQO, and UO,
doped fuels with different content of dopants as follows:
0.05 wt%, 0.1 wt%, and 0.16 wt% Cr,Os, and a unique
concentration of 0.02 wt% Al,Oj3 in all specimens.
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In order to perform the FEMAXI-6 simulations, the input
data files were prepared considering the geometric and
fabrication characteristics along with irradiation conditions.
Regarding the results, the focus was on the evolution of
the following fuel performance parameters: temperatures,
internal pressure, gap conductance, fission gas amount
released in the internal free volume, and outer pellet
diameter variation during irradiation. The conclusions
highlighted the additives’ impact on the fuel performance.

Modeling aspects

The methodology used in the present study included fuel
element description and material properties as well as an
overview on FEMAXI-6 code capabilities, by presenting the
main simulation aspects relevant for analysis. The proposed
ATF concept was developed starting from the standard
CANDU fuel element, which keep the same geometric
characteristics but has different pellet grain size and density.
Zircaloy-4 was the cladding material considered, and the
filling gas inside the fuel element consisted of 80% He and
20% N [3].

The UO, doped fuel’s grain size and density have been
experimentally measured, these data being also considered in
FEMAXI-6 simulations. Table 1 presents the obtained doped
fuel configurations, and it can be easily notice that the fuel
grain size grows as the Cr,O; content increase. The standard
UO, fuel has an initial grain size of 10 pm and a density of
10.6 g/em’. The corresponding content of Cr,O5 in the doped
fuel pellets was increased gradually up to the dopant’s
solubility limit in UO,, in applicable sintering conditions [4].
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Other relevant fuel element characteristics used in the input
data files were, as follows: fuel pellet diameter - 12.22 mm,
fuel element stack length - 481.8 mm, cladding outer
diameter - 13.096 mm, and clad thickness - 0.39 mm.

Table 1. Analyzed fuel configurations

Dopant content (%) Density | Fuel average
Cr,0; | ALO; | (g/em’) | grain size (um)
Case 1 0.05 10.86 45
Case 2 0.1 0.02 10.83 55
Case 3 0.16 10.81 63

FEMAXI-6 fuel performance code

The integrated fuel analysis code FEMAXI-6 has been
developed by the JAEA (Japan Atomic Energy Agency,
formerly Japan Atomic Energy Research Institute) to
assess the behavior of nuclear fuels in normal operation
conditions. Subsequent improvements allow FEMAXI-6 to
cover both normal operation and transient conditions such
as load-following and rapid power increase. However, it does
not cover accident conditions such as Reactivity Insertion
Accident (RIA) or Loss of Coolant Accident (LOCA) [5].

The code consists of two coupled main modules - thermal
analysis and mechanical analysis module, as shown in Fig. 1.
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Fig. 1. Scheme of FEMAXI-6 code structure [5]

The two main modules cover the behaviour of the entire
fuel rod. The thermal analysis module solves tasks related
to the temperature distribution and fission gas release. The
mechanical analysis part deals with the creep analysis,
pellet cladding mechanical interaction, deformation etc. In
each calculation time step, the convergence of temperature
and deformation is required as a condition for approaching
the next time step [5].

Material properties of the standard UO, and doped fuels
The material properties of the doped and standard UO,
fuels are presented in the following as they are included in
FEMAXI-6 code input data files and used in the current
analysis. Taking into account that the doped UO-fuel has
similar properties to the standard UO, one, the same model
correlations were used in simulation for both fuel types.
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All the used correlations are typical models included in
FEMAXI-6 code. Therefore, the MATPRO-Version 09 model
for thermal conductivity, Young’s modulus, Poisson’s
ratio, and thermal expansion coefficient were considered,
along with the White model for fission gas atom diffusion
constant equation, the FEMAXI III model for pellet
densification, and the Itoh model (modified Ainscough)
for the fuel grain growth [5, 6].

For the UO, fuel several correlations are included in
FEMAXI-6 code, and MATPRO model was chosen for the
present study.

UO, thermal conductivity

The main parameter with a strong influence on fuel
temperature behaviour is the thermal conductivity. The
thermal conductivity model is conducted by name-list
input parameter IPTHCN, being given by the following
formulas applicable to different temperature ranges:

K —| 1-A0-D) { 40.4
1-0.058 | | 464+ T

+1216.10716 _61.867~103.T:|(1)

0<T<1650°C

k=|£0=D) -[0.0191+1.216-10‘16-e1'867'1°’3'T} 2)
1-0.058

1650 °C < T <2840 °C

where: K - thermal conductivity of UO, pellet (W/cm-K);
D - UQ, theoretical density ratio;
T - temperature (°C); /3 - porosity coefficient;
B=12.58-0.58-10"-T

UO, thermal expansion

Another important parameter for the proposed assessment
is the pellet thermal expansion, managed by the input
variable IPTHEX and calculated as follows:

% =-4972-107*+7.107-10°% - T+

3)
+2.581-107 - 7% +1.140-107" . 7°
with: A = linear thermal expansion; T = temperature (°C)
UO,Young’s modulus

The Young’s modulus depends on temperature and
theoretical density and it is given by the formula:

E=226-10"(1-1.131-10* - T)1-2.62(1-D)]  (4)

where: E - Young’s modulus (Pa); T - temperature (°C);
D - theoretical density ratio.

For the UO, Poisson’s ratio, v, a constant value of 0.316 is
used.

Fission gas atom diffusion constant equation

FEMAXI-6 code contains several options for the fission gas
atom diffusion constant equation, selected by the input
variable IDCNST. For the proposed analysis, in present
paper the White model was used:
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-7.10* ~10600
D=AM1-76-10"% BT +15.104R-e T +
—2785 (5)

+7.67-1002R-e T

where: T - temperature (K); R - universal gas constant(J-s/g).

U0, densification

The following correlation was chosen for the pellet
densification, selected by input option IDENSF, which is
also the standard recommended model for FEMAXI-6:

ﬂ B AVmax

1_efC-Bu
7 7 ( )

(6)

where: AV/V - volume contraction due to densification;

AV™ [y - maximum volume contraction due to

densification;
Bu - burnup MWdAAUQO,).

U0, grain growth
The option of the grain growth model can be selected using
IGRAIN, in our case MATPRO-09 model was inputted:

-92400
D*-Dy =6.18-10" .¢ RT .4

(7
where: D - grain size at time t (um);

Dy - initial grain size (um);

R- gas constant 1.987 (cal/mol-K);

T - temperature (K); t - time (h).
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UO, theoretical was assumed to be constant and equal to
10.96 g/em’.

The gap thermal conductance model was chosen setting up
the input option IGAPCN=5, according to the FEMAXI
bonding gap model.

ATF performance results and discussions

The results obtained from FEMAXI-6 simulations will be
presented in the following along with a comparison between
the doped and the standard UO, fuels.

From reactor operating experience and reactor physics
calculations, it is well known that the outer ring elements of
CANDU fuel are the most stressed, being subject to the
highest linear power level in the fuel bundle. Consequently,
obtaining the linear power distribution on the outer ring
elements with respect to the fuel burnup (the so-called
"irradiation histories") is a prerequisite condition for the
fuel element performance evaluation. In this respect, the
irradiation histories for all selected working configurations
(presented in Table 1) have been generated using the 3D
finite differences 2-group DIREN program [7, 8] along with
the WIMS transport code [9, 10] and associated library [11].
These values have been further converted in a specific
FEMAXI-6 format, as illustrated in Figs. 2 and 3.

Depicting the maximum values of linear powers with respect
to the burnup led to linear power envelopes generation for all
working configurations, as shown in Fig. 4.
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Fig. 2. Outer element linear power for standard UO, (left) and doped fuel 0.05 wt% Cr,0s (right)
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Fig. 3. Outer element linear power for doped fuel 0.1 w% Cr,05 (left) and 0.16 wt% Cr,O5 (right)
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Fig. 4. Linear power envelopes for the considered cases

Based on the power envelopes shown in Fig. 4, FEMAXI-6
simulations have been carried out for the considered fuel
configurations pursuing the following parameters: fuel
temperatures, internal pressure, gap conductance, fission gas
released in the internal free volume and outer pellet diameter.

The evolutions of fuel center temperature for standard and
doped UO, fuels are comparatively presented in Fig. 5. For
the ATF elements, the central temperature maximum values
remain below 1700 °C, while for standard UO, fuel the
temperature overrides 1800 °C, especially in the first part of
the irradiation history.

Regarding the impact of Cr,0; content in the UO, fuel, no
significant differences were noticed between the studied
cases (with Al,O; content being constant). The ATF concept
proves an improved behaviour in terms of fuel center
temperature, which consequently may lead to an improved
behaviour regarding the fission gas release.
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Fig. 5. Evolution of fuel center temperature for
the considered cases

The fuel surface temperature evolution is represented in
Fig.6, for the considered configurations. There were no
significant changes in surface temperature values with
respect to the dopant content. However, a difference of
about 30 °C between the standard fuel and doped ones is
revealed. This behavior proves again that the doped fuel
configurations improve the nuclear safety.
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Fig. 6. Evolution of fuel surface temperature for
the considered cases

According to the previous results, it is expected that a
higher fuel temperature to lead to greater internal element
pressures and fission gas release volumes. Figs. 7 and 8
illustrate the parameters alluded above.

As it can be noticed from Fig. 7, in case of the standard UO,
fuel (Case Standard), the maximum internal pressure value
reaches about 2.15 MPa, while the simulations for the doped
fuels reveal significantly lower values, by about 50% in
comparison to the standard fuel one. The maximum values do
not exceed 1.25 MPa for the lowest Cr content configuration
(0.05 wt% Cr,0Os3, Case 2), while an increased Cr content lead
to the internal pressure decreasing (Case 2 and Case 3).
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Fig. 7. Evolution of internal element pressure for
the considered cases

The volume of fission gas release as function of burnup is
illustrated in Fig. 8. The accumulation of fission gases in
the fuel element free volume builds up the element internal
pressure. It is worthy to mention that the lack of any
dopant in the UO, fuel promotes free gasses released to
significantly larger volumes, about twice larger than in the
case of doped UO, fuel. During normal operation, the
volume of fission gas release reaches 7.5 cm’ for the
standard UQ, fuel case, while for the doped UO, fuel cases
it doesn’t exceed 4 cm’, meaning about 50% reduction.
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Fig. 8. Evolution of volume of fission gas release for
the considered cases

Regarding the gap thermal conductance (HTC) parameter,
its evolution is influenced by the gap dimension, as it can
be seen in Fig. 9. Taking into account that the CANDU
cladding is very thin and, by irradiation, it gradually
collapses on the fuel stack, the largest gap size is revealed
at the beginning of irradiation. When the gap dimension
approaches to zero, the conductance reaches its maximum
value, while when the gap opens more, HTC decreases.
Higher HTC values were calculated for the standard UO,
fuel, according to the fuel temperature evolution.
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Fig. 9. Evolution of gap conductance and gap size for
the considered cases

Another major aspect regarding the nuclear safety is the
pellet-cladding mechanical interaction that can be assessed
representing the outer pellet radius variation with respect to
the fuel burnup. In the specific literature [12], it is recognized
that the fuel pellet swelling phenomena can increase the
cladding stresses. Fig. 10 reveals a similar behavior for the
considered fuel configurations.

Nevertheless, the presence of dopants promotes the pellet
radius to slightly higher values, especially at the end of fuel
cycle. This behavior is in accordance to the better fission
gases retention inside the doped fuel, and it cannot be a
reason of worry due to the small differences revealed.
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Conclusions

The paper presents the results of fuel element performance
calculations for large-grained Cr,0O; and Al,O; doped
CANDU UO, fuel. The simulations were carried out by
using the FEMAXI-6 fuel performance code. The main
assessed performance parameters were: fuel temperatures,
internal pressure, fission gas release, gap conductance and
pellet outer radius.

ATF doped elements emphasized a better thermal behaviour
based on lower fuel center temperature by 100 °C than the
standard UO, fuel one, during most of the irradiation period.
The same behaviour is shown by the fuel pellet surface
temperature, where the using of Cr-Al dopants led to
temperature reducing by about 7.5%, from 430 °C to 400 °C.

The most relevant improvements when using doped fuel are
revealed by the element internal pressure and fission gas
release, as lower value of these parameters is associated with
an improved behaviour. The fission gas volume generated by
the considered ATF configurations (4 cnr’) is only about a
half of the gas volume associated to CANDU standard UO,
fuel (7.5 cm®), a major aspect for clad integrity maintaining.
Internal gas pressure value of ATF configurations was also
lower than the one corresponding to CANDU standard UO,
fuel, the difference between being in the same ratio.

The gap size values for the ATF configurations assessed
during the irradiation period were larger than the standard
fuel one. As result, the fuel-clad interaction is less likely to
occur in the case of ATF using.

Regarding the fuel pellet swelling phenomena, all the
considered fuel configurations present similar decreasing
of the fuel pellet radius by irradiation. As a result, the clad
collapsing on the fuel pellet stack is not expected.

FEMAXI-6 simulations performed have proved that for the
considered ATF configurations enhanced fuel performances
in normal operation conditions were obtained.

Future work envisages assessment of ATF configurations
based on using of metallic dopants like niobium and
titanium, in both normal and transient conditions.
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